For single, unbranched roots of corn (Zea mays L., Pioneer Hybrid 309-B), the rate of exudation per square centimetre of root surface (Jw ) decreased logarithmically with increases in the external osmotic pressure (IIo). The formula
I. INTRODUCTION
An excised root system behaves like an osmometer (Eaton 1943; van Andel 1953) . Salts are accumulated in the xylem sap (Arisz 1956 ) so that the osmotic pressure of the xylem sap (llx) is greater than the osmotic pressure of the external medium (llo). As water moves by osmosis into the xylem, the xylem sap is pushed out of the cut stump as an exudate. Therateofentryofwaterintothexylemdepends on the difference in osmotic pressure from the external medium to the xylem sap and on the permeability ofthe root to water. The relationship of the rate of exudation per square centimetre of root surface (J w) to llx and llo can be expressed by the formula (after Sabinin 1925) Arisz, Helder, and van Nie (1951) showed that, when the osmotic pressure of the medium around a root is suddenly changed, the rate of exudation changes in a way predicted by this model. Since they measured only immediate changes of rate, the osmotic pressure of the xylem sap was apparently constant enough to give a straight-line relationship between the decrease in exudation rate and the osmotic pressure of the medium. After a longer period of time (about 15 min), there was a new equilibrium exudation rate which was caused by the adjustment of the osmotic pressure of the xylem sap to a new value.
When House and Findlay (1966) plotted J w against the concentration difference from the external medium to the xylem sap of maize root tips, they got a straight line with a positive intercept on the ordinate. The positive intercept indicated that there might be a non-osmotic component to the water uptake. House and Findlay (1966) devised the formula J w = LpRT(O~-Og) + </>' :v, (2) where 0; and O~ are the osmolarities of salt in the exudate and in the external medium respectively and </>' ;; is a net fiux of water independent of any osmotic gradient. Van Overbeek(1942) had previously found that the osmotic pressure of the xylem exudate from tomato roots was about 1 atm less than the osmotic pressure of the mannitol solution required to stop exudation. He thought that some water was "actively" taken up by roots. Arisz, Helder, and van Nie (1951) , who found some results similar to van Overbeek's, felt that the osmotic pressure of the exudate was not a valid measure of the osmotic pressure of the xylem sap and suggested that either salt and water were exchanged in the upper part of the xylem or that there was some active secretion of a dilute solution into the xylem. Since Jacoby (1964 Jacoby ( , 1965 has shown that the stele of bean (Phaseolus vulgaris L.) roots and stems will accumulate sodium from the xylem sap, it seems reasonable to suppose that salts could have been removed from the xylem sap of the excised roots used by House and Findlay and those used by van Overbeek to give an apparent non-osmotic uptake of water.
This research was undertaken to try to establish whether salts can be removed from the xylem sap of exuding roots to give results which would seem to indicate that water has been "actively" moved into the xylem, and to examine the model given in equation (1) to see how useful it is in predicting the exudation rate of excised root tips. Exudation rates and the osmotic pressure of the exudate and of the external medium were determined for excised single roots grown at low osmotic pressure but transferred to higher salinities for testing and for roots preconditioned to the salinity at which they were tested.
II. MATERIALS AND METHODS
Grains of corn (Zea mays L., Pioneer Hybrid 309-B) were soaked for 5-6 hr and allowed to germinate for 4 days in the dark in the Scherer growth chamber in which the plants were later grown. This growth chamber was maintained on a 12-hr photoperiod with day and night temperatures of 23 and 18°0, respectively, relative humidity about 80%, and light intensity 2500 f.c. The seedlings were then suspended in small holes in an aluminium disk which covered a polystyrene container holding 2 litres of solution. Sodium chloride was added to Hoagland's solution (Machlis and Torrey 1956 ) to provide eight levels of salinity (see Table 1 ); iron was supplied as Fe-EDTA. Solutions were replaced daily so that the roots were always in contact with a known concentration of minerals.
At the end of 3 days in solution, roots of the plants (which were 7 days old) were used for determinations of exudation rate, osmotic pressure of the exudate, and osmotic pressure of the root tissue. The length and diameter of each root was recorded. Seven-day-old roots were also preserved, sectioned, and stained with safranin and fast green to see if there were any anatomical changes with increases in the salinity of the medium. The sections were made from segments of root 2-3 cm from the tip, i.e. from segments where tissues were well differentiated. * Calculated from composition on the assumption that salts are completely dissociated.
To determine the exudation rate, single unbranched roots were excised and sealed with Lubriseal into polyethylene tubing of the proper diameter to fit the root. The roots were allowed to exude for 18 hr at 20±2°C in aerated Hoagland's solution which had various amounts of sodium chloride added to it. The experiments were always run at the same time of day to obviate errors from diurnal differences in root behaviour. Preliminary experiments showed that roots grew an insignificant amount (about 0·1 cm) in a 24-hr period at each salinity so that the measurement of length was made at the end of the experiment from the bottom of the seal to the root tip. The surface area of each root was calculated by assuming that the root is a cylinder, and the exudation rate was expressed as volume per square centimetre of root surface area. The exudate was frozen in plastic vials until the osmotic pressure could be determined. Preliminary experiments showed that there were no effects either of freezing or of storage in these vials on osmotic pressure.
Thermocouple psychrometers (Richards and Ogata 1958) were used to determine osmotic pressures of nutrient solutions and of root tissue (method of Ehlig 1962) . A modification (Boyer and Knipling 1965) of the Richards and Ogata psychrometer was used for determining the osmotic pressure of samples of 3-5 ILl of exudate. Drops of exudate were put on a silver thermocouple ring which was mounted on a removable plunger. The silver rings were coated with Dekophane to avoid reaction of the metal with the salts in the exudate. The ring could be introduced into a chamber containing a solution of known osmotic pressure (0' 05M sucrose, osmotic pressure 1· 3 bars) which was chosen to be close to the osmotic pressures of the exudates so that errors from dilution or concentration of the drop were minimized. When drops were inserted into the chambers, a period of 2 hr was sufficient for a steady state to be reached since most of the system was well equilibrated in the water-bath when the drop was inserted. Thermocouples were calibrated with sucrose solutions of known osmotic pressure (Walter 1931) .
Assuming complete dissociation, the external media used ranged in concentration from 0·031 to 0·141 g-ions/l (see Table 1 ). The xylem exudates were even more concentrated. Since salt solutions, especially those containing divalent ions, deviate considerably from ideal behaviour at concentrations above about O·OIM (for example, see Hutchinson 1962, p. 230) , the formula II = RTC was not used, and a more accurate method was devised for calculating the amount of salt lost in the exudates.
Calculations of osmotic pressures for the various external media were made as follows:
where V is the partial molar volume of water (0·018 l/mole, the molar volume, was used), R the gas constant (0·082 l-atm/mole/degK), T the absolute temperature (taken as 293°K), and Xl is the mole fraction of water in the solution. The osmotic coefficient, IIexpt./IIcalc., was calculated for each external medium and the average osmotic coefficient (0·91) was used in calculations. The logarithm of the mole fraction of water in the exudates was therefore calculated from the following equation:
The concentration was calculated from the antilog since
where X 2 is the mole fraction of ions and C is the concentration of ions in gram-ions per litre.
III. RESULTS
A comparison was made between two sets of roots. One set was grown in Hoagland's solution which contained various levels of sodium chloride so that they were preconditioned to the salinity at which they were to be tested. As will be shown later, these roots had higher concentrations of ions in their cells at the beginning of the experiment than did the second set which was grown in Hoagland's solution and tested at the various salinities. About 20 roots were tested at each of eight salinities for each set. Data for individual roots have been reported (Klepper 1966, Tables 1-15 in Appendix A). Figure 1 shows the volumes exuded per square centimetre of root surface over an 18-hr period at eight levels of salinity. The rate of exudation decreased as the osmotic pressure of the external solution increased for both sets of roots and the two curves are quite similar to one another. There was a tendency for the preconditioned roots to exude slightly more than the non-conditioned set at most of the salinities. 
Fig. I.-Relationship between the exudation rate of excised corn roots and the osmotic pressure of the medium.
• Values for preconditioned roots (i.e. roots preconditioned to the salinity at which they were tested). X Values for roots grown in Hoagland's solution.
OSMOTIC PRESSURE OF MEOIUM (BARS)
While the exudation rates are not particularly different, the osmotic pressures of the exudates do differ. Figure 2 shows the relationship between the osmotic pressure of the exudate and the osmotic pressure of the testing medium for both sets of roots. For roots adjusted to the medium in which they were tested, the osmotic pressure of the exudate increased pari passu with, and was higher than, the osmotic pressure of the external solution. For the roots grown in Hoagland's solution, the osmotic pressure of the exudate was generally lower than that of the preconditioned set and was usually lower than the osmotic pressure of the medium in which the roots were tested. For the two lower salinities, there is no apparent difference in the osmotic pressure of exudates from the two sets. These observations are summarized in Figure 3 which shows the osmotic pressure difference from the medium to the exudate (osmotic pressure of the exudate minus the osmotic pressure of the medium) plotted against the osmotic pressure of the external solution. The v;
'" 0·6
., ... Figure 4 shows the relationship between the exudation rate and the osmotic pressure difference from the medium to the exudate. For roots which were grown in Hoagland's solution, the exudation rate decreases with decreasing osmotic pressure difference, but the preconditioned roots show no trend.
The concentration of ions in the exudate was calculated and was multiplied by the exudation rate per square centimetre of root surface to get the moles of ions which had moved into the xylem fluid per square centimetre of root surface in 18 hr. salt in the exudate than those grown in the more saline media. Generally there was a decrease in the total amount of salt exuded at the higher concentrations.
For roots which had been grown at different salinities, the osmotic pressure of the root tissue was measured. Figure 6 shows the relationship of the osmotic pressures of the roots and of the xylem exudate to the osmotic pressure of the medium. The linear increase in the osmotic pressure of root tissue and that for the root exudate are parallel to one another, and both increase pari passu with increases in the osmotic pressure of the external medium. The osmotic pressures of the root tissues were more than 5 bars greater than those of the exudates.
Stained sections of roots grown at various salinities showed no noticeable anatomical changes with increasing osmotic pressure of the medium used to grow the roots.
IV. DISCUSSION (a) Volume of Xylem
The steles of these roots were about 0·02 cm in diameter and the root length was around 10 cm. If one assumes that the shape is cylindrical and that 10% of the stele is functional xylem, then the xylem volume is 3 ·14 X 1O-4 cm 3 • Since the volumes exuded were generally 10-2 ml or more, it was not necessary to correct data for volumes of fluid remaining in the xylem at sampling time or for those initially in the xylem at excision. Furthermore, although the quantities exuded appear small, the xylem was flushed through with c. 100 times its own volume of fluid.
(b) Effects of Osmotic Pressure on Permeability
Equation (1) predicts the flow rate as a function of the osmotic pressure difference across the root and of the permeability of the root to water. If IIx increases pari passu with IIo and if Lp is constant for the roots at all salinities, then J w should be constant for all salinities. As shown in Figure 2 , the osmotic pressures of the xylem exudates are always approximately the same amount above that of the medium for the preconditioned roots. If we assume in the case of the preconditioned roots that the osmotic pressure of the xylem exudate is a reliable estimate of the osmotic pressure of the xylem sap, then the model would predict that the flow rate would be a constant if Lp is constant. Since the exudation rate decreases, the permeability of the roots to water may be decreasing with increases in external osmotic pressure.
An estimate of Lp can be made by dividing the flow rate by the osmotic pressure difference from the medium to the xylem sap. This calculation was made for the preconditioned roots where the exudate has been assumed to be a reliable sample of the xylem sap; values are given in the following tabulation:
Osmotic pressure of medium (bars) 0·6 Although the values are indeed variable, there is generally a decrease with increases in the osmotic pressure of the external medium. These values are slightly lower than those obtained by House and Findlay (1966) Ginzburg (1964a, 1964b) have shown that there is a decrease in the hydraulic conductivity of algal cells with increases in solute concentration. They suggested that the decrease in permeability resulted from a shrinking of the membrane caused by a decrease in chemical potential of the surrounding water. Such a mechanism could operate in roots as well since the membranes of the cells are exposed to the medium which penetrates the free space and the cells would adjust rather rapidly to changes in external medium. w ... 
OSMOTIC PRESSURE OF MEDIUM (BARS)
There appears to be a decrease in the permeability to salt as well (see Fig. 5 ) since the total amount of salt which moved into the xylem decreased as the osmotic pressure of the external medium increased.
(c) Prediction of Exudation Rate at a Given Osmotic Pressure
The relationship of flow rate to the osmotic pressure of the medium (Fig. 1) is not a linear one. Reciprocal and logarithmic plots of the same data were made to see if the relationships are perhaps hyperbolic or logarithmic. Figure 7 shows a straight-line relationship between the logarithm of the exudation rate (IOgloJ w) and the osmotic pressure of the medium (IIo).
A straight line was fitted to the data in Figure 7 to give
from which
In Table 2 values calculated by use of this formula are compared to experimental values for the preconditioned set of roots; agreement is very close.
(d) "Active" Water Uptake
The similarity in flow rates for the two sets of roots (see Fig. 1 ) implies that the driving forces and resistances to flow in the roots are the same at a given salinity. There is a slight difference in the two curves in that the preconditioned roots exuded slightly more fluid than the set grown in Hoagland's solution at most levels of salinity. This is probably because the set grown in Hoagland's solution exuded very little in the initial period of adjustment. Outside of this slight effect, there is no real difference in these flow rates.
To postulate that the driving forces for water influx and the resistance to water flow are both affected by salinity in such a way as to produce similar flow rates for the two sets is not feasible. Nor is it reasonable to suppose that, for the roots grown in Hoagland's solution, there is a non-osmotic secretion of water into the xylem which just happens to equal the osmotic flow in the preconditioned roots. 
The most reasonable explanation is that the cells of the cortical tissues quickly become similar to those in the preconditioned roots both in their salt content and in their permeability to water so that the same osmotic gradients and resistances to flow are obtained in the two cases. The time required for adjustment to take place has been found to be less than 1 hr (Arisz, Helder, and van Nie 1951) .
If the fact that the flow rates are so similar for the two sets of roots implies that the osmotic differential across the root is the same for a given level of salinity in the two sets, then the xylem sap must have been diluted in some way before the sap was exuded from the cut stump of the roots grown in Hoagland's solution because the osmotic pressures shown in Figure 2 are lower for the non-conditioned set than they are for the preconditioned set. Some dilution must occur since water moves into the xylem sap from the external medium along an osmotic gradient and dilutes the xylem sap. Furthermore, Yu (1966) has shown that salts leak out of the stele of corn roots which were very similar to the ones studied here. Both of these ideas can help to explain why the osmotic pressure of the exudate may be less than that of the xylem sap in the root tip. However, neither of these ideas can explain how the osmotic pressure of the exudate can be less than the osmotic pressure of the external medium since both osmotic water entry and leakage of salts occur along diffusion gradients. Therefore, either water is pumped into the xylem against an osmotic gradient or salt is removed from the xylem sap in the upper part of the stele. Reduction of the osmotic pressure below that of the medium occurred only in the non-conditioned roots which had a lower salt content and did not occur in the preconditioned roots. It is reasonable to think that the cells of the stele were less saturated with salt in the non-conditioned set and were able to take the salt out of the xylem sap more readily than could the cells of the preconditioned roots. It is possible that this space in the upper stele of the non-conditioned roots is a sink for the diffusion of salts out of the xylem or that the living cells accumulate the salt.
Since Yu (1966) has shown for corn roots very similar to those used in the present study that about 15% of the living cells in a cross-section occur in the stele, then it would appear that there are sufficient numbers ofliving cells in the stele to accumulate salt from the xylem. The removal of salts by the cells adjacent to the xylem has been found to explain the dilution of xylem sap by leaves and stems of guttating plants (Klepper and Kaufmann 1966) and there is no difference between a guttating plant and an exuding root with regard to the removal of salts from the xylem. In both cases the xylem fluid is moving slowly and there is a long period of contact with cells which adjoin the xylem. This hypothesis can easily explain the difference in the osmotic pressure of the exudate and the similarity in the exudation rate of the roots grown in Hoagland's solution compared to the preconditioned roots.
Cells in the stele of non-conditioned roots may eventually become saturated with salt so that less salt is removed as time passes. This is especially reasonable since the xylem vessels are flushed out with around a hundred times their own volume of solution. There is a suggestion that this may be the case in Figure 2 where the curve for osmotic pressures of exudates from the non-conditioned roots shows an upward trend at the higher osmotic pressures.
Most of the salt accumulation takes place in the younger part of the root tip, and it is here also that the greatest uptake of water occurs along an osmotic gradient across the root tissues. In this lower part of the root, those roots grown in Hoagland's solution will, after a short period of adjustment, resemble the preconditioned roots and the rate of water uptake will be similar for the two sets of roots. However, in the upper part of the root, where the endodermis is more mature, there is a region of limited exchange between the stele and the cortex. The living cells in the stele of the non-conditioned roots will not become adjusted to the salinity of the external medium and will take more salt out of the xylem sap than will the cells in the stele of the preconditioned roots. On this basis, then, the similar exudation rates and the different osmotic pressures of the exudate would be expected for the two sets. It is difficult to say how much salt is removed from the xylem sap of the preconditioned plants. Perhaps the osmotic pressure of the exudate does not equal the osmotic pressure of the xylem sap in that case either. Nonetheless, the value in the case of the preconditioned roots is certainly directly related to the osmotic pressure in the xylem sap and thus to the driving force across the root.
If in an exuding root there is a removal of salt from the xylem sap by the living cells in the stele, then there is no necessity of postulating that there is a non-osmotic uptake of water into xylem of exuding root systems. If in the experiments of van Overbeek (1942) the osmotic pressure measured at the cut stump was lower than that in the root tips, then it need not mean that there had been a non-osmotic uptake of water, only that some of the salt which caused the entry of water in the lower part of the root was removed before the fluid left the root. The data of House and Findlay (1966) show a linear relation of flow to concentration differential and a positive intercept on the ordinate which implies that there may have been non-osmotic uptake of water. If there had been any re-absorption of salt from the xylem between the location of the entry of water and the cut stump, the measured concentration differential would be lower than the actual differential and would have caused the curve to show a non-osmotic uptake of water that did not really exist.
The curve for the non-conditioned roots in Figure 4 shows a trend similar to that shown by House and Findlay. They used roots which had not been preconditioned to a high salinity. The trend may be caused by the fact that the xylem sap is more concentrated in roots which are put into concentrated media so that more salt is removed from the xylem than in the more dilute cases. Therefore the measured concentration difference would decrease as the external concentration increased (as in Fig. 3 ). This would cause a trend (Fig. 4) for the exudation rate v. the osmotic pressure difference for non-conditioned roots and not for preconditioned roots.
The model given by equation (1) provides a convenient framework to use in analysing data. The major difficulty with the model appears to be the inability to measure the actual xylem sap concentration and the fact that Lp is not constant for different salinities.
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